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Edited by Horst FeldmannAbstract The nuclear envelope (NE) of the eukaryotic cell pro-
vides an essential barrier that separates the nuclear compartment
from the cytoplasm. In addition, the NE is involved in essential
functions such as nuclear stability, regulation of gene expression,
centrosome separation and nuclear migration and positioning. In
metazoa the NE breaks down and re-assembles around the seg-
regated chromatids during each cell division. In this review we
discuss the molecular constituents of the Caenorhabditis elegans
NE and describe their role in post-mitotic NE re-formation, as
well as the usefulness of C. elegans as an in vivo system for ana-
lyzing NE dynamics.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Chromatin; Nuclear lamina; Mitosis1. Introduction
The interphase nuclear envelope (NE) is composed of a
structurally and functionally distinct pair of membranes, the
outer (ONM) and the inner nuclear membrane (INM), which
are joined at the nuclear pore complexes (NPCs). The lumen
between these two membranes is called the periplasmic (or per-
inuclear) space (PS). The lumenal domains of integral ONM
and INM proteins may interact in this space. The ONM is con-
tinuous with the endoplasmic reticulum (ER), to which it is
functionally related. The INM harbors a unique set of mem-
brane proteins, many of which interact with the chromatin
and/or with the intermediate ﬁlaments of the nuclear lamina.
This entire protein interaction network provides stability to
the NE. In metazoan organisms this seemingly stable inter-
phase structure is dynamically rearranged during cell division.
During prophase the NE breaks down (NEBD) allowing the
spindle microtubules to reach, anchor and segregate the sister
chromatids. During late anaphase and early telophase the NE
reforms on the surface of the segregated chromatids. The
molecular mechanisms involved in NE formation are incom-
pletely understood. Most current knowledge has come fromAbbreviations: NE, nuclear envelope; INM, inner nuclear membrane;
ONM, outer nuclear membrane; PS, perinuclear space; NPC, nuclear
pore complex; NEBD, nuclear envelope breakdown; ER, endoplasmic
reticulum
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doi:10.1016/j.febslet.2007.03.052various cell-free experimental systems, such as the Xenopus lea-
vis egg extract system. However, it is also essential to better
understand how NE formation occurs in living organisms.
Caenorhabditis elegans is a powerful metazoan experimental
system to study NE formation because these nematodes can
easily be manipulated with well-established genetic ap-
proaches, double-stranded RNA-mediated interference
(RNAi) and transformation with diﬀerent ﬂuorescently-la-
beled transgenes. The eﬃcacy of RNAi in C. elegans means
that whole genome screens can be readily performed even if
screening is done via light microscopy. Thus, whole chromo-
some and whole genome screens have been performed screen-
ing for defects in zygotic nuclear assembly [1]. The major
disadvantage of C. elegans is that it is impossible to obtain
cell-cycle stage speciﬁc embryonic extracts and thus many bio-
chemical assays cannot be performed.2. The early C. elegans embryo as a model system
The self-fertile C. elegans hermaphrodite has two symmetric
U-shaped gonads that produce both sperms and oocytes. At
the distal end of each gonad germ cells divide mitotically
and, as they move towards the proximal end of the gonad they
enter meiosis and develop into oocytes. The most proximal oo-
cyte then enters the spermatheca where it is fertilized. The mei-
otic divisions are completed after transfer into the uterus. After
the second meiotic division the female and male pronuclei are
formed and closed NEs are assembled. The female pronucleus
migrates towards the male pronucleus at the posterior pole of
the zygote where they meet, attach and migrate into the center
of the embryo. Here they go through the ﬁrst zygotic division.
This produces a larger anterior AB and a smaller posterior P1
cell (Fig. 2). In general, the development of C. elegans embryos
follows a deterministic pattern, making it a very suitable model
system to follow mitotic events such as NE formation. We
have analyzed NE formation in young embryos from the pro-
nuclear stage until the four-cell stage, when the nuclei are still
relatively large and can easily be monitored by transmission
and ﬂuorescence confocal time lapse microscopy.3. Protein composition of the C. elegans NE
The nuclear lamina functions as a nucleoskeleton that at-
taches to the NPCs, the INM and chromatin and thus provides
stability and shape to the NE during interphase. The lamina
also regulates gene expression in a way that is mechanisticallyblished by Elsevier B.V. All rights reserved.
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lamina networks are lamins, type-V intermediate-ﬁlament pro-
teins, which can be classiﬁed as A- and B-types on the basis of
their biochemical properties [2]. Only B-type lamins are essen-
tial and are constitutively expressed in all metazoan cells. In
the C. elegans genome there is a single lamin gene of the B
type. Lamin proteins are composed of a short N-terminal head
domain, a long central a-helical domain, able to form a seg-
mented double-stranded coiled-coil, and a C-terminal Ig do-
main globular tail. B-type lamins are post-translationally
modiﬁed for anchoring to membranes. Assembly and stable
association of lamin ﬁlaments with the INM during interphase
also requires interactions with proteins embedded in the INM.
In mammalian cells, 78 putative integral NE proteins have
been identiﬁed by proteomics [2,3]. The C. elegansNE contains
fewer identiﬁed integral NE proteins.
One of the most abundant groups of lamin-binding proteins
shares a conserved 40 residue long N-terminal nucleoplasmic
LEM (lamina-associated polypeptide2-emerin-MAN1) domain
[4]. In C. elegans three LEM domain-containing proteins have
been identiﬁed, LEM-2, LEM-3 and emerin [5] (Fig. 1). While
emerin and LEM-2 contain one or two transmembrane
domains, respectively, LEM-3 does not have any. Additionally,
LEM-2 contains a conserved C-terminal MSC (MAN1-Src1p)
domain, but it is diﬀerent from vertebrateMAN1 proteins since
it lacks a C-terminal RNA recognition motif. In contrast,Fig. 1. Schematic and transmission electron microscopic (TEM) illustration o
NE proteins with other integral or peripheral NE proteins, chromatin, the nu
expressed ubiquitously, and thus all these interactions may not exist simulta
and baf-1(RNAi) young embryos, respectively. While the wild-type NE is co
functionality of the NE from baf-1(RNAi) embryos are dramatically distorte
and cytoplasmic compartments are mixed. This can be seen by the presencevertebrates contain a much larger number of INM and periph-
eral lamin-binding proteins [2,3].
In C. elegans, the nuclear lamina is further required for prop-
er nuclear migration and positioning. This was extensively
studied in P-cells, hyp7-precursor cells and the multi-nucleated
hypodermal syncytium of C. elegans embryos and larvae [6,7].
Brieﬂy, lamin polymers are proposed to bind to the N-termini
of UNC-84 and mateﬁn, two putative C. elegans INM proteins
which contain several transmembrane domains and a C-termi-
nal 120 residue long Sad1p/UNC-84 (SUN) domain localized
in the PS (Fig. 1). The SUN domain can bind directly or indi-
rectly to the Klarsicht/ANC-1/Syne-1 homology (KASH)
domains of ONM proteins and thus anchor speciﬁc ONM pro-
teins. Speciﬁcally, the SUN domain of UNC-84 can bind to the
KASH domain of the nematode-speciﬁc ONM protein UNC-
83, whose cytoplasmic N-terminus is proposed to mediate inter-
actions with microtubules and function in nuclear migration. In
a very similar way, UNC-84 interacts with a second KASH
domain protein, called ANC-1 (the C. elegans nesprin homo-
logue) (Fig. 1). ANC-1 is a 950 kDa protein which contains
two actin-binding calponin-homology domains, that can
directly bind to F-actin and anchor the nucleus to the actin
cytoskeleton. Similarly, mateﬁn, the other C. elegans protein
containing the SUN domain, is essential to retain the Hook
family member protein ZYG-12 in the ONM. ZYG-12 has
three splice isoforms, two of which have a KASH domainf the C. elegansNE. (A) Proposed molecular interactions of the integral
clear lamina and cytoskeleton. Note that some of these proteins are not
neously in every cell. (B, C) TEM micrographs of NEs from wild-type
ntinuous and has regularly spaced NPCs (arrows), the shape and the
d. A closed NE is not formed in baf-1(RNAi) embryos and the nuclear
of ribosomes inside the nucleus. Bars: 800 nm.
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ONM, while the third splice isoform without a KASH domain
is localized to the centrosomes. It has been proposed that the
SUN domain of mateﬁn might interact with the KASH domain
of ZYG-12 to retain it in the ONM. Homo-dimerization be-
tween the ONM- and centrosome-localized ZYG-12 isoforms
mediates the attachment of centrosomes to the NE (Fig. 1).
In contrast to the proteins of the nuclear lamina, INM and
ONM, many of which are speciﬁc for metazoa and do not have
orthologs in yeast or plants, NPC components including some
nucleoporins and the Ran system are recognizably conserved
throughout the eukaryotic kingdom [8]. NPCs are macro-
molecular assemblies with a tripartite architecture and octago-
nal symmetry: a central ring-formed scaﬀold anchored within
the NE with eight ﬁbrillar protrusions reaching into the cyto-
plasm and a ﬁlamentous basket-like structure facing the nucle-
oplasm. This overall arrangement is conserved among
vertebrates and invertebrates [9]. Nucleoporins are the protein
components of NPCs. Two di-peptide repeat motifs have been
identiﬁed within nucleoporin primary sequences, the FG (Phe-
Gly) repeat and the WD (Trp-Asp) or propellor repeat. While
WD repeat nucleoporins form relatively stable protein–protein
interactions within structural domains of the NPC, FG repeat
nucleoporins are aligned mainly along the central channel and
are natively unfolded. Despite this high degree of structural
conservation, primary sequence conservation among nucleo-
porin orthologs is rather low. Nevertheless, database searches
have identiﬁed 20 of 28 known mammalian nucleoporin genes
within the C. elegans genome. These were called npp-1–npp-20
for ‘nuclear pore complex protein’ [10]. Three additional nucle-
oporins have recently been added to the npp-family: Npp-21,
the worm ortholog of vertebrate Tpr; Npp-22, the homolog
of yeast Ndc1p and Mel-28. While Npp-22 was found in a
study of evolutionary conservation among nucleoporins [8],
Mel-28 was identiﬁed based on both its nuclear appearance de-
fect phenotype in a large-scale RNAi screen and a network-as-
sisted analysis of gene modules [11]. Thus, thanks to this high
degree of structural and functional conservation of the NPCs,
information gained in C. elegans likely reﬂects metazoan nucle-
oporin function in general. Because both yeast and vertebrate
genomes contain roughly 30 nucleoporin genes, it is likely that
the list of worm npp genes is still incomplete.4. Dynamics of the C. elegans NE
4.1. NE breakdown
Upon entry into mitosis, the NE of higher eukaryotes disas-
sembles. During prophase a set of kinases are activated. These
kinases phosphorylate the proteins of the nuclear lamina, INM
and NPC, thereby disrupting protein–protein interactions nec-
essary for the integrity of the NE. As a result, the NE breaks
down. In contrast to vertebrates, the C. elegans NE breaks
down only partially early in mitosis and breakdown is com-
plete only at the end of anaphase. While NPCs are completely
disassembled into modules, the nuclear lamin polymers are
only partially disassembled and dispersed into the cytoplasm
during prometaphase [5] (Fig. 2). Interestingly, a fraction of
certain nucleoporins is speciﬁcally relocated to kinetochores
in various species. In C. elegans these include Mel-28,
Nup358/RanBP2, and the Nup107–160 complex components,which might play a role in kinetochore assembly and attach-
ment to spindle microtubules [12,13]. BAF-1, which is a chro-
matin protein that is bound to INM proteins during
interphase, is also completely removed from the NE mem-
branes during prometaphase [14]. Speciﬁcally, phosphoryla-
tion of BAF-1 by VRK-1 kinase abolishes its binding to
LEM domain-containing INM proteins and to chromatin,
and results in its dispersal in the cytoplasm (see below). After
disassembly of the nuclear lamina and NPCs, the INM and
ONM proteins are not retained within the NE membranes
and can freely diﬀuse into the ER, which remains an intact net-
work during mitosis. In C. elegans, as in mammalian cells, all
the analyzed INM proteins are absorbed into the ER network
during mitosis. As mentioned above, the NE membranes of C.
elegans remain continuous until the end of anaphase, with only
a few large openings, mostly found in the vicinity of the centro-
somes. These remnant NE membranes are quite well deﬁned
and are diﬀerent from ER. They contain a signiﬁcant propor-
tion of INM and ONM proteins, and according to electron
microscopic investigations, the former INM side, facing the
spindle microtubules, still excludes ribosomes (unpublished
observations). The complete disassembly of the NE membrane
remnants occurs at the end of anaphase, concomitant with the
assembly of new NEs around the segregated chromatids, and
this might in part be mediated by spindle microtubules. It
was proposed that in mammalian cells the minus-end-directed
dynein and dynactin protein complexes associate with the
ONM during prophase, and by migrating along microtubules
towards the centrosomes, exert pulling force onto the NE
which results in tearing of the NE membranes. Following
NEBD, the same mechanism might be responsible for pulling
away NE membranes towards centrosomes [15]. Although in
C. elegans the cytoplasmic dynein was shown to be involved
in the attachment of centrosomes to the ONM, the existence
of the above mentioned mechanism is unlikely because micro-
tubules, required to break down and segregate the NE mem-
branes, are located on the INM face of the NE at the time
when NEBD takes place.4.2. NE re-formation at the end of mitosis
NE formation is a very fast process. In C. elegans, NE
assembly is complete within 80 s after anaphase onset [14]. In
mammals, post-mitotic NE re-formation is complete within
5 min, NPC assembly within 7 min, and the nuclear transport
is re-activated 8 min after anaphase onset [16]. Given the speed
and complexity of these mitotic processes, it is evident that NE
assembly must be tightly regulated.
The molecular mechanism(s) of NE formation are still not
well understood. In cell-free experimental systems, such as
the Xenopus egg extract, membrane fractionation has uncov-
ered the existence of diﬀerent vesicle populations that, in the
presence of chromatin and cytosol, combine to form import-
and replication-competent nuclei with a functional NE and
NPCs [3,17]. These membrane vesicles probably arise from dis-
ruption of the continuous ER network during preparation of
the extracts, and in vivo, such vesicles may not exist. Neverthe-
less, such in vitro studies have provided important insights into
the step-wise arrangement of in vitro NE formation. The NE
membrane precursor vesicles attach to the de-condensed chro-
matin, vesicles fuse into an ER-like network on the surface of
the chromatin, and further fusion of membranes forms a
Fig. 2. Confocal immunoﬂuorescence images show the NE structure and dynamics in 2-cell stage C. elegans embryos. Embryos expressing the INM
protein GFP-LEM-2 (magenta) were immunostained to visualize nucleoporins (green), emerin (red) and DNA (blue). (A) In a wild-type 2-cell stage
embryo, a closed NE is observed during interphase (upper row). The NE breaks down during prophase and prometaphase ﬁrst in the AB cell (middle
row) and then the new NEs are assembled around the segregated chromatids during anaphase (lower row). (B) Ran is required for closed NE
formation. When Ran was down-regulated by RNAi, the NE membrane proteins formed aggregates in the cytoplasm and around the condensed
chromatin. Bars: 10 lm.
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cytoplasmic transport is re-established. Although the steps
might be similar, NE formation in vitro diﬀers when compared
to the in vivo situation. First, vesiculation or massive budding
of NE membranes has not been observed during in vivo
NEBD. Similarly, during NE formation massive vesicle
recruitment to the surface of chromatin has also not been ob-
served, suggesting that in vivo, the NE might not assemble
from vesicles. Second, while in vivo the NE is re-formed within
minutes, in vitro this process takes more than one hour.
Although the basic principles might be similar, both processes
diﬀer in detail and it is therefore obviously important to study
NE assembly in vivo as well as in vitro.
The ﬁrst step of NE formation is the recruitment of NE
membrane precursors to the surface of decondensed chroma-
tin. Although chromatin proteins such as histones, HP-1 or
BAF-1 are all able to bind diﬀerent proteins embedded in
the INM, they have not been shown to function during early
recruitment of NE membranes to the surface of chromatin.
Furthermore, although BAF-1 can directly bind to LEM-do-
main containing INM proteins such as LEM-2, down-regula-
tion of BAF-1 by RNAi in C. elegans delays but does not
abolish the early recruitment of LEM-2 to chromatin during
anaphase (M.G. unpublished observations). In vitro, protein-
free DNA is able to titrate out NE membrane vesicles and thusprevent vesicle docking to chromatin and NE formation [18].
Furthermore, it was shown that the nucleoplasmic domains
of many (46%) NE transmembrane proteins are highly basic
(pI > 8.5), in contrast to ER and Golgi transmembrane pro-
teins, where only 4% contain similarly basic cytosolic domains.
It was proposed that the highly basic nucleoplasmic domains
of INM proteins might bind directly to negatively charged
DNA and that electrostatic interaction between INM proteins
and DNA might initiate NE assembly [18]. Protein-free DNA
does not exist in vivo, especially during anaphase, when chro-
matin is tightly condensed and compacted into chromatids.
However, a recent study showed that throughout mitosis, inde-
pendent of chromosome compaction state, multiple proteins
can access and bind directly to DNA [19]. Thus, although mi-
totic chromatin is highly compact, its DNA is both accessible
and maintains dynamic interactions with diﬀerent DNA-bind-
ing proteins. It is therefore possible that direct DNA–INM
protein interactions occur during NE assembly in anaphase.
This mechanism predicts that diﬀerent INM proteins could
have redundant function in early NE assembly, and could ex-
plain why their individual RNAi-mediated down-regulation in
C. elegans or depletion from cell-free extracts has no eﬀect on
early steps in NE formation.
After NE precursor vesicles attach to the surface of chroma-
tin in vitro they fuse into an ER-like network and then into a
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multiple fusion events, and two factors have been identiﬁed
that speciﬁcally function in vitro in NE, but not ER, mem-
brane fusion. These are the RanGTPase and p97, a member
of the AAA ATPase family. Ran is essential for formation
of closed NE and for NPC formation in vivo and in vitro [3]
(Fig. 2). RNAi-mediated down-regulation of Ran or its cofac-
tors and eﬀectors, Importin-beta and -alpha, from C. elegans
embryos or their depletion from Xenopus egg extracts com-
pletely blocks closed NE formation. Furthermore, an excess
of either Importin-alpha or -beta impairs NE membrane fu-
sion. In the absence of chromatin, an excess of RanGTP in
Xenopus egg extract induces the formation of annulate lamel-
lae, NE-like membrane stacks densely packed with NPCs.
RCC1, the nucleotide exchange factor of Ran, is associated
with chromatin and thus produces active GTP-loaded Ran in
the vicinity of mitotic chromosomes. RanGTP is believed to
release Importin-alpha and Importin-beta from proteins re-
quired for NE membrane fusions. However, the speciﬁc targets
of Importin proteins and of Ran in NE membrane fusion still
remain to be identiﬁed. In contrast to Ran, p97 is required
only in vitro for closed NE formation, and it functions in
two separate fusion events [3]. First, the p97–Ufd1–Npl4 tri-
meric complex mediates the lateral fusion of membrane vesi-
cles docked on the chromatin surface, which results in closed
NE formation. Second, the p97–p47 complex supports further
vesicle fusion and membrane supply to enable the expansion of
the sealed NE. These observations suggest that in vitro NE
assembly requires extensive membrane fusion events. How-
ever, since the NE in vivo may derive directly from ER mem-
branes and not from vesicles, nuclear membrane fusion in vivo
might require fewer fusion events than in vitro. Consistent
with this view, RNAi-mediated down-regulation of p97,
Ufd1 or p47 orthologs in C. elegans has no eﬀect on functional
NE formation [20]. Furthermore, in vivo, ER might directly
supply the NE with membranes making the p97–p47 function
in NE expansion non-essential.
Similar to the NE, the ER network is also very dynamic. Re-
cently it was reported that the ER network undergoes dramatic
morphological cyclic changes in C. elegans and that these tran-
sitions are tightly synchronized with the cell cycle [20]. During
interphase, the ER is mostly present in a dispersed state with
short ER tubules of varying length and orientation. However,
during mitosis, starting slightly before NEBD and until telo-
phase, the peripheral ER forms a reticulate structure with
longer and more linear and more radially orientated sheets.
This cyclic transition between dispersed and reticulate organi-
zation is probably due to homotypic ER membrane fusion, at
least in part mediated by p97. Interestingly, NEBD and NE re-
formation are synchronized with the reticular state of the ER
membranes. Whether this is important for NE membrane
dynamics is not clear. However, one can imagine that such
reticular ER structures may help separate, store and, later dur-
ing anaphase, provide the INM protein-containing membranes
for NE assembly.
During anaphase, when NE re-formation starts, INM pro-
teins are recruited to the chromatin surface and are thought
to play important roles in NE assembly. In C. elegans embryos
the speed of NE protein recruitment and thus the speed of NE
assembly around chromatin correlate with temperature [14].
At higher temperature (20 C), the soluble DNA-binding pro-
tein BAF-1 is ﬁrst weakly visible on the entire surface of chro-matin 40 s after the metaphase to anaphase transition,
followed by recruitment of the INM proteins LEM-2 and
emerin, which completely surround the segregated chromatids
after 60 and 80 s, respectively [14] (Fig. 2). By that time NPCs
are also assembled and nucleo-cytoplasmic transport is re-acti-
vated, resulting in lamin import and polymerization below the
INM. As expected, at low temperature (15 C) the whole pro-
cess is slowed down. BAF-1 is recruited to the chromatin sur-
face only 80 s after anaphase onset, while the LEM domain-
proteins LEM-2 and emerin, are recruited 40 s later [14].
Live imaging of ﬂuorescently labeled NE proteins in C. ele-
gans embryos and in mammalian cell lines showed that the
transmembrane proteins that are recruited very early during
NE assembly are initially associated with the most peripheral
region of the condensed chromatin. Such recruitment might
represent the initial attachment points of ER membranes with
the chromatin. In C. elegans, among the analyzed INM pro-
teins, only LEM-2 was shown to be recruited early, 40 s after
anaphase onset (at 20 C) to these peripheral chromatin sites.
Similarly early peripheral association was observed for mam-
malian LBR and LAP2b suggesting that these INM proteins
may attach the membranes to chromatin and thereby initiates
NE assembly [21]. It is possible that such early recruitment of
ER resident INM proteins to chromatin is achieved through di-
rect interactions between their basic cytosolic domains and the
negatively charged DNA, as proposed in vitro [18]. In contrast,
the soluble NE proteins bind to diﬀerent regions of chromatin
during anaphase. The vertebrate speciﬁc soluble protein
LAP2a ﬁrst associates with telomeres in anaphase and is then
relocated together with BAF-1 to the so-called chromatin
‘‘core’’ region, facing the spindle and midzone microtubules.
LAP2a and BAF-1 show low exchange rates in the ‘‘core’’ re-
gion when analyzed by ﬂuorescence recovery after photoble-
aching experiments, suggesting that they might form very
stable interactions during this early step of NE assembly
[21,22]. Initially, the INM proteins are excluded from the
‘‘core’’ suggesting that it might represent a membrane free re-
gion, however later, when the ER-derived membranes spread
around the chromatin, transmembrane proteins such as emerin
can also associate with the ‘‘core’’. Similarly, C. elegans BAF-1
is initially also localized weakly to the entire surface of segre-
gated chromatids and then later, 60–80 s after anaphase onset
(at 20 C), it re-localizes to the ‘‘core’’ region [14]. VRK-1, a ki-
nase that was shown to phosphorylate BAF-1, is also speciﬁ-
cally re-localized during anaphase to the ‘‘core’’ region in C.
elegans [14]. With progression through mitosis in both C. ele-
gans and mammals, the ‘‘core’’ region further shrinks and ﬁnal-
ly disappears. The function of the ‘‘core’’ region and its
compression through mitosis and during NE formation is not
clear. However, one might imagine that the BAF-1 protein in
the gradually compressing ‘‘core’’ region may help to steer
ER membranes as they coat the chromatin through its interac-
tions with the LEM domain-containing INM proteins. After
NE-sealing, all INM proteins can freely diﬀuse within the lipid
bilayer and form stable interactions with lamin polymers, chro-
matin proteins such as BAF-1, HP-1 or histones, and DNA.
The signals that initiate NE assembly still remain to be iden-
tiﬁed. Currently it is believed that massive de-phosphorylation
of NE proteins during anaphase might play an essential role in
the proper timing of NE formation. Accordingly, hypo-phos-
phorylated LAP2a and BAF-1 proteins constitutively associate
with chromatin throughout mitosis and unphosphorylated
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ing INM proteins. These results suggest that phosphorylation
is required in order to dissociate BAF-1 and LAP2a from
chromatin and the NE during NEBD [14,23]. Recent in vivo
and in vitro experiments demonstrated that phosphorylation
of BAF-1 reduces its binding capacity to chromatin and
LEM domain proteins, and it was also shown that during
mitosis VRK-1 kinase phosphorylates BAF-1 [24,25,14]. In
C. elegans embryos VRK-1 is associated with the NE during
prophase and slightly before NEBD, where it might phosphor-
ylate BAF-1 [14]. In turn, phosphorylated BAF-1 is entirely re-
moved from the NE membranes during prometaphase and
disperses in the cytoplasm. In contrast, VRK-1 remains associ-
ated with the chromosomes throughout mitosis, and by further
phosphorylation, may keep BAF-1 protein oﬀ the chromatin.
BAF-1 is then recruited on the chromatin surface 40 s after
anaphase onset. Another 40 s later BAF-1 together with
VRK-1 relocalize to the ‘‘core’’ region. Accordingly, the prop-
er timing of BAF-1 recruitment to chromatin and its ‘‘core’’
localization requires either VRK-1 inactivation or activation
of a still unidentiﬁed BAF-1 phosphatase.
4.3. NPC assembly at the end of mitosis
Two modes of NPC formation exist: insertion into an exist-
ing NE during interphase and post-mitotic assembly, which
coincides with NE formation. Here we focus on the latter.
In the early C. elegans embryo, there are two major npp-re-
lated depletion phenotypes; smaller nuclei with clustered NPCs
or no nuclei. Unlike vertebrate systems, RNAi against single
nucleoporins in C. elegans does not cause co-depletion of asso-
ciated proteins so that individual protein functions are studied.
Due to impaired NPC function, these primary phenotypes are
accompanied by secondary defects in chromatin segregation
and the accumulation of cytoplasmic annulate lamellae.
The majority of soluble nucleoporins are found in modular
subcomplexes [26] that remain associated during mitosis and
become sequentially inserted into the re-forming NPC from
late anaphase. Not all nucleoporins form stable connections
however, and some are dynamic and exchange between diﬀer-
ent subcomplexes, which makes their detailed analysis more
complicated. In Xenopus egg extracts it has been demonstrated
that the higher order composition of such nucleoporin sub-
complexes is regulated by RanGTP [3].
Our direct knowledge of nucleoporin interactions in C. ele-
gans is limited, because the nematode has not been the system
of choice for biochemistry. Nevertheless, data derived from
the vertebrate or yeast systems has proven to be informative
for C. elegans. A central role in NPC formation has been as-
signed to the conserved Nup107–160 (yeast Nup84p) complex.
Yeast strains deleted for individual ScNup84p complex mem-
bers are viable, but double deletions cause lethality. Likewise,
combinatorial RNAi in C. elegans has revealed synthetic lethal
interactions among the complex members CeNup85 (npp-2),
CeNup107 (npp-5) and CeNup133 (npp-15), suggesting func-
tional conservation of the CeNup107 complex. In addition,
RNAi experiments on CeNup93 (Npp-13) and CeNup205
(Npp-3) have revealed comparable defects, not in NPC biogen-
esis, but rather in pore distribution and passive soluble protein
exclusion, leading to a developmental arrest at the 100 cell
stage [10]. Interestingly, CeNup93, CeNup205, CeNup54
(Npp-1), CeNup45 (Npp-4) and CeNup62 (Npp-11) showyeast-2-hybrid interaction, and the suggested complex has been
assigned a role in spindle rotation in the early embryo [27].
However, as the authors note, the eﬀect on spindle rotation
may be a secondary consequence of failure of NPC function.
GST-pulldown assays from extracts prepared from rat liver
have demonstrated that Nup93, Nup155, Nup205 and the pore
membrane anchored nucleoporin NDC1 elute from a GST-
Nup35/53 bait protein [28,29]. In the light of a potential role
for C. elegans nucleoporins in spindle positioning it is impor-
tant to note that the vertebrate Nup35/53–93 complex has been
reported to be linked to the spindle checkpoint protein Mad1
[28]. While nucleoporins have been implicated in a variety of
functions apart from NPC formation, further work is required
to establish a concrete link between nematode nucleoporins and
the machinery controlling mitotic spindle positioning.
Pore membrane nucleoporins with membrane spanning seg-
ments have been suggested to have an anchoring function
and to recruit soluble nucleoporins to the assembling pore com-
plex. The C. elegans genome encodes two such proteins, gp210
(npp-12) and NDC1 (npp-22). npp-22 (tm1845) embryos lack-
ing functional CeNdc1 have smaller nuclei with reduced stain-
ing for the nucleoporin marker mAb414 as well as severely
impaired viability and brood size [28]. On the other hand
npp-12(RNAi) worms develop normally. This lack of phenotype
might have been explained by low gp210(RNAi) penetrance,
but there is also compelling evidence derived from vertebrate
systems that gp210 is dispensable for NE assembly [3].
Time-lapse imaging of early embryos has shown that
GFP::Mel-28 and YFP::CeNup107 are both recruited to chro-
matin within 60 s following the metaphase to anaphase transi-
tion. Interestingly, during mitosis, Mel-28 and CeNup107 both
distribute to kinetochores. However, in mel-28(RNAi) embryos
CeNup107 chromatin association is lost, suggesting a require-
ment for Mel-28 deposition on chromatin for targeting CeN-
up107 [12,13].
NE breakdown and reassembly are accompanied by cycles
of nucleoporin phosphorylation and dephosphorylation,
respectively. However, there are additional cues that act in
concert to orchestrate the correct temporal and spatial inser-
tion of NPC precursors into the NE. Onset of NPC assembly
in early anaphase is dependent on a functional Ran cycle. Nu-
clear reconstitution assays using Xenopus egg extracts as well
as RNAi in C. elegans have shown that RanGTP, in the prox-
imity of chromatin, has a central function in regulating NPC
formation: ﬁrst, RanGTP mediates release of nucleoporins
from Importin-beta; second, RanGTP regulates nucleoporin
subcomplex assembly and third, RanGTP is required for
NPC insertion into the nuclear membrane [3] (Fig. 2).
In order to situate nucleoporin recruitment to chromatin
into the serial order of NE assembly events, the process has
been studied in time-course experiments using ﬁxed C. elegans
embryos for immunoﬂuorescence. Here, CeNup107 chromatin
recruitment preceded mAb414 staining, in agreement with
in vitro data. Likewise, CeNup155 (Npp-8) and CeNup35
(Npp-19) follow CeNup107. Furthermore, HeLa cells that
have been siRNA depleted for NDC1 show reduced staining
for Nup93 at the nuclear rim while Nup107 levels remained
unchanged. This suggests that NDC1 is not required for
Nup107–160 complex targeting, but rather might facilitate
recruitment of the Nup93–Nup53–Nup205 module to the
assembling nuclear pore complex [29,30].
2800 M. Gorja´na´cz et al. / FEBS Letters 581 (2007) 2794–2801The demonstration of an early chromatin recruitment of
Mel-28 and CeNup107 is in agreement with nucleoporin disso-
ciation rates in HeLa cells, where members of the Nup107–160
complex had been assigned a very low turnover rate at the nu-
clear rim, while more peripherally located nucleoporins that
join the NPC later showed more dynamic behavior [31].
Accordingly, in C. elegans, ﬂuorescence loss in photobleaching
analysis of nucleoporin dynamics at the nuclear rim have re-
vealed a slow recovery rate for GFP::Mel-28 as compared to
GFP::Nup155, suggesting a stable association of Mel-28 with
nuclear pore complexes and dynamic Nup155 behavior [12].
GFP::Nup155 accumulates at the assembling NE late, dur-
ing telophase. Depletion of Nup155 by RNAi results in small
embryos that do not survive beyond the embryo stage and
have small, irregularly shaped nuclei. In immunoﬂuorescence,
embryonic nup155(RNAi) nuclei have strongly reduced
amounts of all NE antigens tested, including mAb414,
Nup96 (Npp-10) and Nup153 (Npp-7), suggesting a broad
NPC assembly defect. Furthermore, electron microscopic anal-
ysis has revealed a random vesicular membrane distribution
covering highly compacted chromatin, indicating rather a de-
fect in nuclear membrane fusion rather than in nucleoporin
targeting. Hence, Nup155 has been envisioned to connect late
steps of NPC assembly with membrane fusion events. This
phenotype is reﬂected in the Xenopus in vitro system [32].
In summary, the initial chromatin deposition of Mel-28 is re-
garded as the seeding point for subsequent NPC assembly,
allowing for serial addition of further modules starting with
the CeNup107 complex.5. A new tool to analyze NE assembly in C. elegans
When most of the proteins essential for NE formation are
down-regulated by RNAi in C. elegans, they cause not only
NE defects, but also serious chromatin condensation and seg-
regation defects (Fig. 2). Thus it is very diﬃcult to determine
whether, upon down-regulation or inactivation of a given tar-
get protein, we are monitoring a direct eﬀect on NE formation
or the secondary consequence of previous defects. Many pro-
teins required for NE formation might have additional func-
tions. Thus, the terminal phenotype of their down-regulation
or inactivation might represent a cumulative rather than a spe-
ciﬁc defect. Adding excess BAF-1 to an in vitro nuclear assem-
bly reaction hypercondenses the DNA, and thus prevents NE
formation [33]. Paradoxically, BAF-1 down-regulation in vivo
in C. elegans or inactivation in Drosophila melanogaster also
causes chromatin hypercondensation and NE formation de-
fects [34,14,35]. To directly test the requirement for BAF-1
in NE assembly, or to determine the exact point when it is re-
quired during mitosis, it is necessary to investigate its function
in a temporally and spatially controlled manner. Recently we
identiﬁed and characterized a fast-responding temperature sen-
sitive mutation in the C. elegans baf-1 gene [14,36]. At restric-
tive temperature (20 C and higher), the point mutation in
BAF-1 prevents its phosphorylation by VRK-1 kinase. How-
ever, at permissive temperature (15 C), the mutant BAF-1
protein is normally phosphorylated by VRK-1. Furthermore,
we developed a novel Peltier-element based fast response tem-
perature controller device that allows temperature shifts at a
rate of 1 C/s. This device can be combined with simulta-neous transmission and epi-ﬂuorescence confocal time-lapse
microscopy [14,36]. Utilizing this device, NE formation in mu-
tant baf-1 embryos at restrictive temperature was analyzed
after allowing chromatid segregation and de-condensation to
occur at the permissive temperature. With a series of tempera-
ture shift experiments we could show that, although BAF-1
might aﬀect several processes, it directly aﬀects NE formation.
This function of BAF-1 is therefore either upstream of or inde-
pendent from its chromosomal condensation and segregation
role. Clearly, this approach can be of value in the study of
any gene whose disruption causes a complex phenotype.
In summary, C. elegans has proved to be an excellent in vivo
system for studying post-mitotic NE assembly. It has been use-
ful both for identifying genes required for this process and,
particularly in combination with in vitro data from other sys-
tems, for the detailed analysis of their functions.
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